1. Introduction {#s001}
===============

Ryugu has been classified as a C-type asteroid (Tsuda *et al.,* [@B25]) and is the main target of the Hayabusa2 mission. Due to the classification of Ryugu, it is expected that the returned samples will contain primitive organic matter (Watanabe *et al.,* [@B28]). Organic compounds related to life on Earth have been found previously in carbonaceous chondrites, such as Murchison (CM2) (Sephton, [@B22], [@B23]). Unfortunately, terrestrial contamination represents a persistent problem to the interpretation of extraterrestrial organic matter from meteorites. It is hoped that the Hayabusa2 mission will provide a contaminant-free sample for study in laboratories on Earth.

In anticipation of the Ryugu samples, which will be returned in December 2020, studies have attempted to understand the asteroid\'s composition. Ryugu has been recently classified as a Cb-type asteroid (Sugita *et al.,* [@B24]); such bodies are thought to be related to unheated comet-like icy asteroids (Vernazza *et al.,* [@B26]). Such asteroids have been further linked to interplanetary dust particles (IDPs), which are rich in organic matter (up to 90% by volume) (Flynn *et al.,* [@B5]). Nevertheless, the exceptionally low albedo of Ryugu (0.20--1.88%) has been explained through a similarity to dehydrated or heated carbonaceous chondrites (Perna *et al.,* 2017; Sugita *et al.,* [@B24]) or the CM2 chondrite Mighei (Le Corre *et al.,* [@B11]). If Ryugu was of a heated CM2 composition, it would be expected to contain almost no organic matter, depending on the degree of heating, due to the conversion of organic carbon to graphite. Alternatively, in the case of a Mighei-like composition, Ryugu would be expected to contain ∼2.60--2.85 wt % organic carbon (Kerridge, [@B9]).

Footage of the surface of Ryugu was obtained from a recent touchdown maneuver (JAXA, July 11, 2019). The video captured by the camera shows that disturbed platy material is significantly darker on one side and a similar color to the surface of Ryugu on the other, indicating that Ryugu is darker beneath its surface. The disparity of color is clearest within objects that are spinning as a result of the Hayabusa2 touchdown. Studies have demonstrated that while silicates such as olivine and pyroxene get darker on exposure to irradiation, such as that from the solar wind (space weathering), organic matter gets brighter at the visible light band of 0.55 μm (Moroz *et al.,* [@B13]; Lantz *et al.,* [@B10]). The darkening of silicates is due to the formation of Fe nanoparticles (Lantz *et al.,* [@B10]), whereas the brightening of organic matter is thought to result from its partial conversion to graphite (Moroz *et al.,* [@B13]). Therefore, the observed brightening of Ryugu\'s exposed surface, compared to its interior, may arise from space weathering of organic matter. Currently, all the suggested analogues for Ryugu employ compositions that are relatively organic poor, in comparison to IDPs for example. Instead, the observation highlighted above indicates that Ryugu may contain a greater abundance of organic matter than currently hypothesized.

Here, we present a mass balance calculation, using data from the literature, to predict the potential organic/mineral composition of Ryugu. This information can help prepare terrestrial laboratories for the samples of Ryugu, in terms of what analyses and procedures might be applicable and necessary. Furthermore, we outline a potential model for the origin of Ryugu and its organic and inorganic components.

2. Calculating the Surface Composition of Ryugu {#s002}
===============================================

Currently it is expected that Ryugu will contain organic matter within the range of carbonaceous chondrites (likely \<10 wt %) (Kerridge, [@B9]) or even less if it has experienced sufficient heating. However, as outlined above, the current proposed analogues for Ryugu do not entirely match the observed characteristics of this asteroid. One possible explanation, for the color disparity of displaced fragments and the low albedo, could be a higher organic matter abundance in Ryugu than in carbonaceous chondrites. Accordingly, the current study will try to determine what organic contents could explain the albedo of Ryugu through a series of mass balances.

Firstly, appropriate mineral and organic components must be selected. Such components should be representative of the surface conditions of Ryugu. Previous studies have irradiated both carbonaceous chondrites and organic matter to simulate space weathering (Moroz *et al.,* [@B13]; Lantz *et al.,* [@B10]). Although these studies utilize different energies and fluencies to irradiate their materials than the composition of the solar wind, such studies inform us about the probable effects of long periods of exposure.

The organic matter chosen by Moroz *et al.* ([@B13]), for their space weathering studies, included asphaltite, which is composed of polyaromatic cores with aliphatic, phenolic, and carboxyl groups. Therefore, it contains within its structure similar moieties to the macromolecular organic matter (MOM) that is found in carbonaceous chondrites (Sephton, [@B23]). Other experimental studies have attempted to generate organic matter similar to the optical properties of distant Solar System bodies through irradiation of either gaseous atmospheres or surface ice deposits (Cruikshank *et al.,* [@B3]). The organic products of these experiments are tholins, which have been shown to represent the low albedo of Kuiper Belt objects and areas of Pluto (Cruikshank *et al.,* [@B3], [@B4]). Therefore, both tholins and asphaltites may be representative of the types of organics found at the surface of Ryugu.

Accordingly, appropriate parameters for the mass balance calculations have been taken from the literature. Sugita *et al.* ([@B24]) measured the geometric albedo for Ryugu at 0.55 μm and determined this to be 4.5 ± 0.2%. To compare this value to ground-based measurements of meteorites, the value was converted to a disk-integrated surface reflectance (1.88 ± 0.17%). Perna *et al.* (2017) also reported surface reflectance data for Ryugu from the X-shooter instrument, which was similarly corrected for comparison with spectra acquired in laboratories. In our calculations, values were required for the albedo of Ryugu that were comparable with lab-based studies of meteorites. Accordingly, we used the visible light spectrum reflectance values at 0.55 μm (0.20 ± 0.01% or 1.88 ± 0.17%) (Perna *et al.,* 2017; Sugita *et al.,* [@B24]) due to the relevance of visible light to the Hayabusa2 touchdown video. Albedo values, at 0.55 μm, were selected for irradiated meteorites (4.31 ± 0.14% for Mighei and 2.14 ± 0.11% for Tagish lake) (Lantz *et al.,* [@B10]) and organic matter (0.043% for irradiated asphaltite, 0.03% for BB \[black to blue color\] tholin, and 0.13% for YO \[yellow to orange color\] tholin) (Moroz *et al.,* [@B13]; Bernard *et al.,* [@B1]). The tholin data used in the current study relates to synthetic residues taken from near the gas inlet point (BB) and in the center of the reaction vessel (YO) (Bernard *et al.,* [@B1]). Note that the irradiated meteorites were used as analogues for the mineral component of Ryugu, and the standard deviation for error propagation was taken from Fig. 10 in the work of Lantz *et al.* ([@B10]). The errors for the albedo of organic matter were not given in the literature, so the same percentage error was applied to these materials as for the meteorites. The calculated standard deviations are as follows: ±0.002, ±0.001, and ±0.005 for the albedo of irradiated asphaltite, BB, and YO tholins, respectively.

To calculate the theoretical organic compositions of Ryugu, we first defined a mass balance calculation to obtain the albedo of the mineral component of the irradiated meteorites, using the weight fraction of organic carbon for Mighei and Tagish Lake (2.73 ± 0.18 wt % for Mighei and 2.62 ± 0.18 wt % for Tagish Lake) (Kerridge, [@B9]; Grady *et al.,* [@B6]) (Eq. 1.). Note that the error was obtained from the two values given in the literature for each meteorite.
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where α represents the fraction of the organic component of the meteorite (Kerridge, [@B9]; Grady *et al.,* [@B6]) and Al~Met~, Al~Min~, and Al~Org~ the albedo in reflectance (%) of the meteorite of interest, mineral and organic component at 0.55 μm, respectively.

Subsequently, we defined a mass balance calculation for obtaining the albedo of Ryugu (Eq. 2).
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where β represents the fraction of the organic component of Ryugu and Al~Ry~ the albedo in reflectance (%) of Ryugu at 0.55 μm.

Both Eq. 1 and 2 were then combined to give a simplified equation (Eq. 3), which solves for the organic content of Ryugu (β).
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The calculated organic abundances for the various scenarios are given in [Table 1](#tb1){ref-type="table"}. Errors for the data in [Table 1](#tb1){ref-type="table"} were calculated by propagating the errors according to Eq. 3.

###### 

Calculated Organic Contents for Ryugu Based upon Different Organic (Asphaltite, Moroz *et al.,* [@B13]; BB and YO Tholin, Bernard *et al.,* [@B1]) and Meteorite (Lantz *et al.,* [@B10]) Compositions

  Meteorite component   Organic component   Perna   Sugita          
  --------------------- ------------------- ------- -------- ------ -----
  Mighei                Asphaltite          96.4    0.2      58.1   4.1
  BB Tholin             96.1                0.2     58.0     4.1    
  YO Tholin             98.4                0.2     59.3     4.2    
  Tagish Lake           Asphaltite          92.9    0.5      14.8   9.1
  BB Tholin             92.1                0.6     14.6     9.0    
  YO Tholin             96.8                0.5     15.3     9.5    

Note that two values are given, one using the albedo of Ryugu taken from the work of Perna *et al.* (2017) (Perna) and the other from the work of Sugita *et al.* ([@B24]) (Sugita). SD = standard deviation.

3. Discussion {#s003}
=============

3.1. Organic content {#s004}
--------------------

Although the calculated organic components differ significantly depending on the albedo assigned to Ryugu and the mineral component chosen, the values are still higher than those found in carbonaceous chondrites (Kerridge, [@B9]; Grady *et al.,* [@B6]). It is possible that the irradiation conditions used by the simulation studies do not entirely reflect the exposure of Ryugu to the solar wind, due to the higher energies that were employed, the unknown exposure age of Ryugu, and the lack of heavier ions. Nevertheless, such simulations should provide a rough indication of how Solar System materials would change with respect to irradiation from exposure to the solar environment. The results for the tholins, unsurprisingly as a result of their similar albedos, represent a distinct similarity to the values calculated for irradiated asphaltites, which is likely due to their synthesis involving irradiation.

The values calculated in [Table 1](#tb1){ref-type="table"} cover a large range of organic compositions (14.6--98.4%). The main parameters that dictate the difference in the values are the albedo of Ryugu at 0.55 μm and the irradiated meteorite albedo. In terms of the albedo of Ryugu, it may be safer to assume that the value of Sugita *et al.* ([@B24]) is more reliable than that of Perna *et al.* (2017), due to the data being obtained from instruments on board Hayabusa2 rather than from a ground-based telescope. If the aforementioned is correct, a range of between ∼15 and 59% organic matter for Ryugu would be most appropriate. Moreover, the range could be further constrained by considering which meteorite component would be most applicable to Ryugu. Previous studies (Perna *et al.,* 2017; Le Corre *et al.,* [@B11]) have indicated that the silicate portion of Ryugu is most similar to CM2 chondrites, and as such Mighei is likely more appropriate in terms of its mineral component. Therefore, a range of ∼58--59% organic matter would seem most appropriate for the surface of Ryugu.

The results of the mass balance calculations indicate that the organic content within the surface of Ryugu may in fact be considerably higher than that of known carbonaceous chondrites (up to ∼10 wt %)(Kerridge, [@B9]). The broad range of calculated organic compositions falls within that of IDPs (Flynn *et al.,* [@B5]) and suggests that the similarity between their albedo and that of Ryugu (Sugita *et al.,* [@B24]) could relate to the presence of high abundances of organic matter. If the aforementioned is true, then Ryugu cannot simply be of a heated carbonaceous chondrite composition, because such meteorites do not contain sufficient organic matter. Indeed, an organic-rich Ryugu would be expected to become brighter on exposure to solar irradiation ([Fig. 1](#f1){ref-type="fig"}), which could explain the disparity in color between different sides of material displaced by Hayabusa2 (JAXA, [@B8]).
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3.2. Implications for terrestrial analyses {#s005}
------------------------------------------

A high organic content will have considerable implications for the kinds of analyses that can be undertaken by terrestrial laboratories. Some more inorganic-focused techniques, such as laser ablation--inductively coupled plasma--mass spectrometry (LA-ICP-MS), scanning electron microscopy (SEM), and electron microprobe analysis (EPMA) may be limited by the small relative abundance of silicate minerals. However, other spatial analysis techniques, including Fourier transform infrared (FTIR) and Raman spectroscopy, secondary ion mass spectrometry (SIMS), transmission electron microscopy (TEM), and desorption electrospray ionization--orbitrap--mass spectrometry (DESI-OT-MS) (Potiszil *et al.,* [@B20]), may benefit from the increased organic content. A larger organic abundance may thus aid in one of the main objectives of the Hayabusa2 mission: to further our understanding of extraterrestrial organic matter.

The form of the organic matter in the Ryugu samples will greatly affect the types of analyses that can be applied. If Ryugu organic matter closely resembles the free/soluble and labile organic matter (FOM/SOM and LOM) fractions in carbonaceous chondrites, in terms of abundance, then a high organic content may mean compound-specific techniques can be applied successfully for very small sample sizes. Nevertheless, it may be the case that samples taken from the exposed regolith, during the first touchdown, contain high abundances of graphitized and MOM, due to the long-term effects of solar irradiation. Conversely, samples collected during the second touchdown may provide higher levels of extractable organic material, due to the removal of surface material by the Hayabusa2 impactor. Therefore, the sample locations may also be important when selecting the appropriate analytical techniques for the study of Hayabusa2 samples. Thus, future studies should attempt to understand the applicability of different techniques to samples of differing organic abundances and compositions.

An increased organic component in Ryugu samples may also mean they become more representative of the whole organic composition at smaller sample sizes (Carter and Sephton, [@B2]). Such a relationship between organic content and sample representativeness should be investigated to take into account the potential for higher organic contents. If smaller sample sizes can be used with confidence that they will reflect the returned sample composition overall, then more sample can be conserved for further analysis.

3.3. Implications for the formation of Ryugu {#s006}
--------------------------------------------

The results of this study indicate that Ryugu may contain between ∼15 and 98% organic matter depending on the parameters used for the calculations. If the silicate component is more similar to a CM2 composition, as has been suggested (Perna *et al.,* 2017; Le Corre *et al.,* [@B11]), then the organic composition calculated by the current study would be expected to be \>50%. Furthermore, the large disparity between the light and dark sides of displaced platy material, from the Hayabusa2 touchdown, indicates a considerable component of the material has been altered by space weathering, a trend that can only be explained by the alteration of a large amount of organic matter. Such a high organic composition, similar to that of IDPs, has implications for the formation of Ryugu. In a scenario where organic matter is \>50%, the formation of Ryugu cannot be solely explained by dehydration or heating of a CM or CI composition, as was suggested previously (Perna *et al.,* 2017; Sugita *et al.,* [@B24]). However, as has also been indicated (Sugita *et al.,* [@B24]), the presence of boulders on Ryugu rules out the entire body being simply of an IDP composition. Therefore, an alternative hypothesis for the origin of Ryugu would be beneficial to the discussion surrounding its formation.

Ryugu is a Cb-type asteroid, and such bodies likely contained high abundances of ice in their past. Indeed, Vernazza *et al.* ([@B26]) described Cb-type asteroids as comet-like. The parent body of the Chelyabinsk meteorite has been indicated as a comet that captured debris resulting from a high-velocity collision, thus forming a rubble pile after water ice sublimation (Nakamura *et al.,* [@B16]). The presence of organic matter (Popova *et al.,* [@B19]) and evidence of aqueous alteration were found within the Chelyabinsk meteorite, which were indicated as the result of interactions between the cometary ice and organic matter and the captured silicate minerals (Nakamura *et al.,* [@B16]). If we apply the same scenario to Ryugu, it may help explain the presence of high organic matter abundances at the surface and the presence of CM-like fragments (the boulders), which could have become partially aqueously altered.

Comets have highly eccentric orbits, which means they periodically come very close to the Sun. During this period, it may be possible for solid ice to melt and give rise to organic-rich aqueous fluids close to the surface of the body. If Ryugu was indeed a rubble pile captured by a comet, then interactions between organic-rich ices and silicate minerals could yield more complex organic matter (Schulte and Shock, [@B21]). Accordingly, relationships between phyllosilicates and organic matter have been widely observed in carbonaceous chondrites (Pearson *et al.,* [@B17]; Le Guillou and Brearley, [@B12]; Yesiltas and Kebukawa, [@B29]; Potiszil *et al.,* [@B20]). Furthermore, it has been demonstrated that certain extraterrestrial organic compounds can form polymers on exposure to aqueous alteration conditions (Vinogradoff *et al.,* [@B27]).

Over many cycles, the organic composition of the comet-like Ryugu parent body could have evolved to give rise to much higher abundances of nonvolatile organic matter than originally present. With time the volatile ices could be lost from Ryugu through sublimation. During this period, vibrations imparted to the comet through expansion and contraction, as a result of being close to and far from the Sun, as well as impacts and interaction with other bodies, could move silicate material toward its center. With time, both the radius and mass of Ryugu would decrease, through sublimation, but the silicate fragments would retain the angular momentum in the core. Consequently, the body\'s rotational velocity would increase as a result of the conservation of angular momentum and thus give rise to its abacus bead shape. Sublimation could also concentrate the nonvolatile MOM at the surface of Ryugu and possibly within cracks and cavities in its interior, in a similar way to freeze-drying (*e.g.,* Hoang *et al.,* [@B7]). Therefore, the potentially high organic abundance, visible albedo, and rubble-pile nature of Ryugu may originate from interactions between rocky and icy solar bodies, in a similar way to the model proposed for the Chelyabinsk meteorite (Nakamura *et al.,* [@B16]). Such a scenario for the formation of Ryugu has an advantage over other suggestions, because it can explain both the IDP-like albedo and potentially high organic content of Ryugu, as well as the presence of partially hydrated material that could constitute the boulders observed on its surface and likely within its interior. Furthermore, the lack of large organic-rich meteorites, among Earth\'s collections, is likely due to their breakup and burning on entry into Earth\'s oxygen-rich atmosphere.

The hypothesis outlined here, that Ryugu may contain significantly higher organic abundances than currently indicated by the closest meteorite analogues, will be tested upon the delivery of Ryugu samples to Earth. The Pheasant Memorial Laboratory (PML) (Nakamura *et al.,* [@B14]) at the Institute for Planetary Materials, Okayama University at Misasa, previously received Hayabusa samples from the asteroid Itokawa. An initial comprehensive analysis of fine particles was successfully performed (Nakamura *et al.,* [@B15]). PML has been designated as the phase-2 curation facility for the Hayabusa2 mission. PML will receive Ryugu samples, and work is underway to prepare for their comprehensive analysis.
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